Aluminium (Al) toxicity in acid soils is a global problem. Here, we investigated Al tolerance in high yielding winter wheat (Triticum aestivum L.) cultivars bred in Serbia. The common relative root length (RRL) test for Al tolerance, and both physiological (malate efflux) and molecular (Aluminium-Activated Malate Transporter 1 [TaALMT1] expression) approaches were used for this characterization. Both moderately Al-tolerant cvs. Ljiljana and Arabeska showed significantly higher malate efflux rate from the root tips in comparison to moderately Al-sensitive cv. Pobeda and followed the RRL pattern. Irrespectively of Al supply, moderately Al-tolerant cultivars showed significantly higher relative TaALMT1 expression than the Al-sensitive ones. A considerably high level of Al tolerance was found in cv. Ljiljana, which showed the highest Al-induced malate efflux along with the highest constitutive expression level of TaALMT1 transcripts. Our results also demonstrate that Altolerance is based on a constitutive trait of high TaALMT1 expression and malate efflux in wheat roots, resulting in a decrease in root length reduction.
Introduction
Aluminium (Al) toxicity in acid soils affects agriculture production throughout the world, mainly due to the increased solubility of Al 3+ at a low pH. In addition to the direct impact on plants, high Al concentrations in acid soils also affects phosphorus fractionation (Redel et al., 2016) . Although mechanisms of Al toxicity still remain unclear, it is known that many plant species have evolved mechanisms as a response response involves the exudation of organic anions (e.g., malate, citrate, succinate, oxalate and others)
from the root apices mediated by the anion efflux transporters (Inostroza-Blancheteau et al., 2012; Yang et al., 2013) . It has been shown that Al 3+ stimulates the Aluminium-activated Malate Transporter (TaALMT1) involved in the secretion of malate from roots (see review by Sharma et al., 2016) .
The importance of differences between genotypes within species in their ability to cope with Al 3+ stress has also been recognized (Ulloa-Inostroza et al., 2017) . This variation was explored by breeders for the development of cultivars better adapted to acid soils (Garvin and Carter, 2003) . It was recently
shown that the Al-tolerance mechanism of Al-tolerant Chilean wheat cultivars is fully associated with an arbuscular mycorrhizal fungi symbiosis, in contrast to one of recognized Al-tolerance (Atlas 66) (Seguel et al., 2016) . Overall, wheat is considered as Al 3+ -sensitive species, and accordingly a largescale screening of wheat germplasm for Al-tolerance has been performed using physiological and molecular methods (e.g., Sasaki et al., 2006; Stodart et al., 2007; Martins-Lopes et al., 2009; Raman et al., 2010) . Clear evidence that wheat germplasm collected from the former Yugoslavia consisted of genotypes adapted to various agroecological conditions was reported by Rengel and Jurkic (1992) .
Large-scale screening for Al-tolerance of bread and durum wheat genotypes originating from different breeding institutions from the Western Balkan region was performed two decades ago Jurkic, 1992, 1993; Cosic et al., 1994) . However, information based on the physiological and molecular characterization of Serbian wheat genotypes to Al-tolerance is still lacking. Therefore, the aim of the present study was to characterize high-yielding bread wheat cultivars widely grown in Serbia for their tolerance to Al 3+ toxicity using malate efflux along with the expression of TaALMT1 efflux transporter as a promising molecular marker for targeted breeding to wheat Al-tolerance (Soto-Cerda et al., 2015) .
Materials and Methods

Plant material, growth conditions and treatments
Winter bread wheat (Triticum aestivum L.) cultivars tested in this study were bred at the Institute of Field AlCl 3 (pH=4.1) for 5 h and malate efflux from root apices was measured.
Determination of root length
The length of the central seminal roots was deter- 
Determination of Al in roots
Roots of wheat seedlings previously exposed to 50 The Al concentrations were determined by inductively coupled plasma optical emission spectroscopy (Spectro-Genesis EOP II, Spectro Analytical Instruments GmbH, Kleve, Germany).
RNA extraction and Real-time quantitative PCR
Root apical tissues (0.5-1 g FW) were frozen in liquid N 2 and ground thoroughly in a mortar. RNA was isolated using the GeneJET TM RNA Purification kit (Fermentas, Vilnius, Lithuania) according to the manufacturer's instructions. DNA removal, cDNA synthesis and real-time PCR were performed as described in Kostic et al. (2015) . Two sets of primers were used in this study: i) for Triticum aestivum L., TaALMT1 gene (GenBank accession no. 90 and 100% (-3.6 > slope > -3.1).
Collection of root exudates
Root exudates were collected according to Kostic et al. (2015) , using sample application papers for electrophoresis (10 x 5 mm; SERVA Electrophoresis GmbH, Heidelberg, Germany) previously washed in methanol and deionized water and subsequently dried. 
Root tissue extraction
Root tissue extracts were prepared according to Pavlovic et al. (2013) . 
HPLC determination of malic acid
Quantification of malic acid was performed using an 
Statistical analysis
Data were subjected to analysis of variance using the statistical software Statistica 6 (StatSoft Inc., Tulsa, OK, USA) and means were compared using Tukey's test.
Results
Relative root length and Al accumulation in roots
Root elongation was decreased in all examined cultivars exposed to 50 µM of Al ( 
Root malate content, efflux and relative expression of TaALMT1
There were no significant differences in the malate contents of the root tips (0-20 mm) among the examined wheat cultivars exposed to 50 µM AlCl 3 ( Figure 1A ).
Both moderately Al-tolerant cvs. Ljiljana and Arabeska
showed significantly higher malate efflux rate from the root tips in comparison to Al-sensitive cv. Pobeda as Al-tolerant Atlas-66 showed significantly higher relative TaALMT1 expression than the moderately Al-sensitive ones (cvs. Pobeda and NS Futura) and Al-sensitive Neepawa (Figure 1c) . TaALMT1 expression in all examined cultivars was not up-regulated by Al, but the level of constitutive expression of this gene differed significantly between Al-sensitive and Al-tolerant cultivars ( Figure 1C ). 
Discussion
Inhibition of root growth is one of the primary symptoms of excess-Al, as is demonstrated in various crops (e.g., Silva et al., 2001; Ali et al., 2008, Singh and Choudhary, 2010) . Relative root length has previously been considered a better indicator of Al tolerance than root dry weight (for the review see Little, 1988) . grown at high Al supply (Silva et al., 2010) .
While it was demonstrated that Al is accumulated mainly in the tissue of the apical root region (Rincόn and Gonzales, 1992; Carver et al., 1988) and that root tips of Al-sensitive wheat genotype showed higher
Al accumulation than the tolerant one (Delhaize et al., 1993a) , endogenous malate content in wheat root apical tissue has been shown to be independent from Al tolerance (Delhaize et al., 1993b) . However, the correlation between overall plant Al tolerance and Alactivated efflux of malate from the root apices among wheat genotypes has been well documented (Ryan et al., 1995; Tang et al., 2002) . Both moderately Al-tolerant cvs. Ljiljana and Arabeska showed significantly higher malate efflux rate from the root tips in comparison to Al-sensitive cv. Pobeda ( Figure 1B ). On the other hand, roots of referent cultivars exhibited much stronger differential response to Al toxicity. A similar response was recorded in some near isogenic wheat lines (5 to 10-fold higher malate exudation in Al-resistant compared to Al sensitive genotypes) (Delhaize et al., 1993b) .
There was no delay observed between the addition of Al and the onset of carboxylate anion efflux in wheat roots, suggesting that Al may activate pre-existing transporters in the plasma membrane to initiate anion exudation, and that the induction of genes is not required (Yang et al., 2013 . In contrast to our findings, Sasaki et al. (2006) found only a weak correlation between TaALMT1 expression and Al tolerance among Japanese wheat lines in comparison to a large number of lines of different origins, whereas these authors reported a significant correlation between Alactivated malate efflux and Al tolerance in Japanese cultivars. Moreover, Eagles et al. (2014) showed that ALMT1 significantly interacts with some environmental parameters, which might mask plant response to Al toxicity. Thus, using this gene as a promising marker for Al tolerance needs establishing a standard protocol for plant growing conditions.
Conclusions
Different responses to Al toxicity were observed in high-yielding Serbian winter wheat cultivars. In addition to the common RRL test for Al tolerance, both physiological (malate efflux) and molecular results also demonstrate that Al-tolerance is based on a constitutive trait of high TaALMT1 expression and malate efflux in wheat roots. Moreover, these physiological and molecular parameters may be used in wheat breeding for low P soils (both acid and calcareous), since P-deficient wheat roots not subjected to Al stress maintain high efflux of malate along with the enhanced expression of anion transporter (Kostic et al., 2015) .
